Subtle changes of articular cartilage (AC) can lead to tissue degeneration and even osteoarthritis (OA). The early degeneration of AC is closely related to a change in proteoglycans (PG) content. The observation of PG is therefore an appropriate way of studying OA and evaluating the degree of AC degeneration. In this study, 20 cartilage-bone samples were prepared from normal porcine femoral condyle cartilage and 10 samples were digested over 2 h using 0.25% trypsin solution. The dynamic process of PG-digestion was explored using a conventional A-mode ultrasound (US) experimental system with a 10 MHz center frequency. Quantitative acoustic parameters were calculated from ultrasonic radio-frequency echo signals and included US speed (USS), US amplitude attenuation coefficient (UAA) and broadband US attenuation coefficient (BUA). The experimental results showed that the conventional A-mode ultrasound is valuable for tracking the degree of PG-digestion. Histology also confirmed the validity of the ultrasound observations. For every AC sample, the degree of PG-digestion within a given time was different and was affected by individual differences. After two hours of degeneration, USS showed a mean decrease of 0.4% (P<0.05). UAA was significantly lower after a two-hour PG depletion period (from (2.45±0.23) to (2.28±0.41) dB mm 1 ).
Articular cartilage (AC) is a weight-bearing tissue covering the bony ends of articulating joints. It provides joints with excellent lubrication and has anti-wearing characteristics, and thus maintains a smooth and efficient force-bearing system for the body [13] . AC is a multi-phase hydrated mixture composed of proteoglycan (PG; 5%-10%), collagen (10%-20%), and water (60%-80%) [25] . The different components of the tissue are inter-related and contribute to the achievement of its structural integrity.
The early stage of osteoarthritis (OA) is asymptomatic. The earliest signs of OA include loss of PG content in AC and disruption of the superficial collagen network [68] . A change in PG content and distribution is a continuous process that precedes other components during degeneration. Therefore, evaluating the degree of AC degeneration based on the observation of PG is particularly appropriate for the study of OA. The changing PG content and distribution is an important indicator of cartilage matrix integrity and disease progression.
Unfortunately, current methods of PG evaluation in vivo require a biopsy on patients, which is an invasive procedure. Several different imaging techniques, such as X-ray computed tomography (CT), magnetic resonance imaging (MRI), optical coherence tomography (OCT), and electromechanical evaluation (EME), have also been used to evaluate the degree of AC lesions [814] . CT arthrography is insensitive to subtle changes in PG content [8, 9] . MRI is currently the most promising method of imaging AC in vivo.
However, large equipment, high costs, and relatively long imaging times limit its use [1012] . OCT and EME techniques are still immature [13, 14] . Because of its microscopic resolution, high frequency ultrasound (HFU) may provide more information about the morphological, acoustical and mechanical properties of soft tissues [15, 16, 17, 18] . HFU has been used in the study of cartilage maturity [19] , cartilage morphology [2024], cartilage repair and quantitative evaluation of tissue properties [25, 26] . Combined with indentation and compression technology, it can even be used to measure the tissue elasticity of AC [27, 28, 29, 30] . To identify and characterize the degree of AC degeneration, many studies have investigated the inter-relation between acoustics parameters and component content of AC based on HFU and found that PG-degeneration may lead to decreases of ultrasound speed, increases of attenuation or change of other acoustic parameters [17,26,30,3137] . These results all demonstrated that HFU is useful in the study of AC degeneration. However, in clinical diagnosis, the frequency range of conventional ultrasound systems is low (in general no more than 15 MHz) except for some specialized applications (for example, ophthalmic ultrasound). As a result, the application of HFU is still limited because of its rapid attenuation and low penetration ability in tissue.
In the laboratory, enzyme digestion is a typical method to experimentally induce the depletion or decomposition of one or more components of AC to simulate pathological changes. Trypsin has been applied to digest PGs in the animal and in human AC models of OA [33] . This study aimed to observe the dynamic process of PG digestion with a conventional A-mode ultrasound experimental system with a 10 MHz center frequency. Quantitative acoustic parameters were calculated from ultrasonic radio-frequency echo signals, and included US speed (USS), US amplitude attenuation coefficient (UAA) and broadband US attenuation coefficient (BUA). Histological images were used to verify the degree of PG-depletion. The results of the study may provide some valuable information for the early diagnosis of AC diseases.
Materials and methods

Specimen preparation
Twenty fresh femoral condyles of mature porcine were selected from a slaughterhouse. The AC cover on the femoral condyle was inspected and no apparent lesions were found. Before conducting the experiment, femoral bone was removed, leaving only cartilage and subchondral bone as samples. Two cartilage-bone samples were prepared from the lower medial side of each condyle (Figure 1 ). One sample was treated as a control and the other was digested with trypsin. Each AC sample with a bone layer was approximately 5 mm thick, and the thickness of the cartilage layer was (1.570.56) mm (meanSD, n=20). The samples were stored at 20°C condition until used for experiments. Figure 2 shows a depiction of the ultrasound system used for experiments. The system was composed of the following components: a broadband pulse transmitter/receiver (Model 5800, Olympus, USA), a 10 MHz center frequency focused ultrasound transducer with a focal length of 39.37 mm, bandwidth 6.9112.14 at 6 dB (Panametrics, USA), a computer with a 400 MHz 12 bits A/D converter (CompuScope 12400, Gage, Canada). All ultrasound echo signals reflected from the specimens were collected by the transducer and were band-pass filtered (135 MHz), then digitized by the A/D converter to be saved in the computer for further analysis.
Ultrasound system
PG digestion experiment
Before conducting experiments, samples were unfrozen in physiological saline for 2 h at 25°C condition and then placed in a container with 0.25% trypsin solution. The tem- perature of the solution was controlled at approximately 25°C throughout the experiment. The specimen was monitored with the ultrasound system during the progressive PG digestion over 2 h. The focal point of the transducer was placed approximately at the middle layer of the cartilage. Ultrasound echoes were recorded every 10 s with a 200 MHz sample rate with commercial software (v. 3.0, Gage, Canada). The data were processed and analyzed off-line using Matlab (v. 7.0, Mathworks, USA).
Histological analysis
After the ultrasound measurements, all control and trypsindigested samples were fixed in 10% buffered formalin solution, decalcified in an EDTA solution, and then embedded in paraffin. A 5 µm thickness longitudinal section from the site near the ultrasound measurement point was obtained and stained with safranin O. In optical micrographs, red color stained by safranin O indicated the content of the PG component.
Acoustic parameters
The most important ultrasound parameters that have been used for evaluating cartilage degeneration are ultrasound speed (USS) and attenuation (UAA and BUA). To estimate these parameters, ultrasonic radio frequency signals reflected by the cartilage surface and backscattered from its internal matrix were processed in the time and frequency domain. In this study, the relative change of USS was calculated. The initial USS was predetermined as 1630 m s 1 [29, 34] . The thickness of the specimens was calculated according to this value, and the thickness was assumed to not vary during the experiment. This hypothesis is reasonable according to our previous research because the salt concentration of the solution is invariant throughout the experiment. The time of ultrasound flight in the tissue is the period for a round trip between the upper interface (solution-cartilage) and the lower interface (cartilage-subchondral bone).
The ultrasound attenuation coefficient can be calculated in the time domain and frequency domain. Here, two commonly used attenuation coefficients: amplitude attenuation coefficient (UAA) amp  (dB mm 1 ) and broadband ultrasound attenuation coefficient (BUA) (dB MHz 1 ) were calculated using the following equations:
where A 1 and A 2 are the peak-to-peak amplitudes of the upper interface echo and the lower interface echo, respectively. A 1 (f) and A 2 (f) are the amplitude spectra of these echoes, and h is the thickness of the specimen. The region of interest (ROI) of every echo was chosen according to the computed signal envelope by the Hilbert transform, and rectangular 0.25 μs windows were centered on the minima signal points that were near the maxima in the envelope of the interface echoes [38] . A 1 (f) and A 2 (f) were obtained by a fast Fourier transform of the ROI data. For a more detailed description of ultrasound attenuation, the reader is referred to a related reference [35] .
Statistical analysis
Statistical analyses were conducted with SPSS software (v. 17) . All values in the text are presented as mean±SD. In light of the small number of samples, nonparametric analysis was used in this study. The Mann-Whitney U test was used to evaluate the statistical difference in USS, UAA and BUA of the cartilage samples before and after trypsin digesting.
Results
Ultrasound echo signals obtained from digested AC specimens are shown in Figure 3 . The horizontal axis represents the time of flight in the specimen, and the vertical axis is the amplitude of the ultrasound echo signal. The upper interface (solution-cartilage) and the lower interface (cartilage-subchondral bone) can be discerned clearly in ultrasound echo signal. Figure 4A shows ultrasound echo signals of the AC specimen at several different times and Figure 4B shows Mmode ultrasound images of the digested AC. From the ultrasound echo signals, an obvious echo at the interface between the digested and undigested tissues was observed and was deeper in the tissue with the trypsin penetrating into the cartilage tissue. The echoes from the digested-undigested interface are circled in the RF signals ( Figure 4A ). These echo signals gave rise to the inclined trace observed in M-mode image. This downward trend is indicated by the white triangles in M-mode image shown in Figure 4B . Figure 5A shows the change of the digestion depth (percentage of total specimen thickness) with trypsin treatment time for 10 tested specimens. Figure 5B shows the relationship between digestion depth and trypsin treatment time. The error bars are the standard deviations of the digestion depth for all specimens. Here, the digestion depth was calculated by normalizing the specimen thickness. A secondorder polynomial function was used to fit this relationship (R 2 =0.990). The average digestion depths at different times can be estimated based on the polynomial function.
The comparisons between M-mode ultrasound images and histological section images in terms of digestion depth are shown in Figure 6 for two typical specimens. Figure 6 represents the histological section of a specimen of undigested cartilage (control sample) stained with safranin O (Figure 6A ), the M-mode data showing the complete digestion process from the cartilage surface to the bone ( Figure  6B ), and the histological section of this completely digested sample stained with safranin O ( Figure 6C ).
The quantitative ultrasound parameters USS, UAA and BUA were measured for the articular cartilage samples at different digestion times and the results are shown in Table  1 (mean±SD). These parameters are also shown graphically in Figures 7 and 8 . Figure 7 shows the change of USS during trypsin digestion of AC. The error bars in the figure represent the SD among the results of all the specimens. A second-order trend line is shown in the figure. Statistically significant changes (n=10, P<0.05) in USS after trypsin digestion were found in porcine AC. The magnitude of USS decreased with the depletion of PG content. After two hours of trypsin digestion, the mean change in USS was 6.6 m s 1 . The speed of sound in porcine AC was significantly related to tissue degeneration (i.e., the change of the PG content). In all of the experimental processes, no changes in USS were observed in the trypsin solution. Figure 8A and B shows the changes of ultrasound amplitude attenuation and broadband attenuation in progressive trypsin-digested AC, respectively. The second-order trend line is shown in Figure 8A and the first order line is shown in Figure 8B . Amplitude attenuation showed a significant linear correlation with the tissue degeneration of AC (i.e., the change of the PG content) (n=10, P<0.01). The mean value of the ultrasound amplitude attenuation coefficient decreased with the depletion of PG content. After two hours of trypsin digestion, the mean change in the ultrasound amplitude attenuation coefficient was 0.167 dB mm 1 (range from 2.45 to 2.28 dB mm 1 ). However, for BUA, the mean values of the samples at different time points ranged from 0.011 to 0.032 dB MHz 1 . No significant differences were detected in BUA between the start and end of the PG depletion experiment.
Discussion
Ultrasound has been suggested a potentially valuable tool for the identification and characterization of the degree of AC degeneration. This study investigated the changes of ultrasound speed and attenuation in progressive trypsindigested porcine AC specimens using a conventional A-mode ultrasound with 10 MHz center frequency, and quantified by the parameters USS, UAA and BUA.
The results of the experiment showed that the digestion progress of the AC specimens by trypsin can be observed with conventional ultrasound. From the A-mode ultrasound waveforms ( Figure 4A ), a series of small echoes, which formed a light trace with a downward trend in the M-mode ultrasound image as the trypsin penetrated into AC tissue and depleted PG content ( Figure 4B ), were observed at the interface between the digested and undigested tissues. This observation is consistent with previous studies based on high frequency ultrasound [26, 31] . The comparison between M-mode ultrasound images and histological images in terms of digestion depth also confirmed the validity of the ultrasound observation ( Figure 6 ). The light trace formation is the result of sound impedance differences increase between the digested and undigested tissues. Figure 5 shows the relationship between digestion depth and trypsin digestion time. For different AC specimens, the digestion depth and the digestion trend are also different for the same digestion time. These differences were induced by individual differences of the specimens. However, for a given AC specimen, the digestion depth and the digestion trend can be roughly estimated using a second-order fitted polynomial function. From Figure 5 , the speed of digestion was observed to decrease as the depth of tissue increased. This tendency is related to the distribution of the PG content and it also appeared in studies using high frequency ultrasound by Wang et al. [31, 35] . This result implies that the digestion of trypsin depends on the concentration of PG at different depths in the tissue. More trypsin is needed to digest the PG that is deep in the tissue than PG at the superficial layer.
USS is an important parameter in the measurement of ultrasound tissue characteristics. Although there is some variability in reported findings, most studies have shown that USS in AC is related to the composition and structure of the tissue. A decrease in USS, either large or small, has been observed to occur after enzymatic degradation of PG [8, 20, 27, 34, 37] . These results support the hypothesis that increased water content in the process of PG degeneration would change the USS in cartilage towards that of water, i.e., USS should decrease. The reason is that the compressibility of AC tissue increases with PG degradation, and the high compressibility of the tissue leads to the decrease in USS. The result obtained in the present study is consistent with previous results. However, the decrease of USS is minor, compared with the decrease of 2% reported by Joiner et al., and a mean decrease in USS by 0.4% (n=10, P<0.05) was observed in porcine cartilage samples after two hours of PG depletion [27] . This result was probably induced by a short degeneration time, low enzymatic solution concentration and low experiment temperature.
The ultrasound attenuation is another important characteristic in the study of tissue properties based on ultrasound. The ultrasound attenuation coefficient is used to describe the energy loss of an ultrasound wave as it propagates through the tissue. Pulse energy is lost through a variety of interactions. In this study, it was apparent that the ultrasound amplitude attenuation decreased with enzymatic degradation of PG. Amplitude attenuation coefficients were correlated positively with the US speed (P<0.01). However, the BUA coefficient is non-sensitive to PG degeneration, so no significant differences were detected in BUA between the original samples and the two-hour degenerated samples. This result is consistent with the results reported by Nieminen et al. [34] . However, many consider that the attenuation of ultrasound may increase because of PG degeneration that lowers specimens' density and increases water content of tissue. The digesting process and related effects are very complicated. Aside from the changes of PG content and matrix structure, many other factors such as additional increase in water content in sample preparation, trypsin solution concentration, and experiment temperature, may cause changes in the US attenuation coefficient towards a different direction. These factors should be considered carefully in future studies.
In conclusion, the use of conventional ultrasound could provide useful information about trypsin-induced progressive PG depletion in AC. USS and UAA are related to the degeneration of AC and therefore are two indicators of the tissue PG content depletion. These results may provide some valuable information for the early diagnosis of AC diseases.
